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Abstract 
Parasitic nematodes infect billions of humans and cost billions in crop damage. 
Their success may be due in part to surface protein alterations as the worm develops. Yet 
surface antigen expression on a molecular level is poorly understood. Using C. elegans as 
a model nematode, anti-peptide antibodies directed against peptide sequences derived 
from putative C. elegans surface protein genes were obtained.  This project aims to better 
understand antigenic surface molecule expression using Western blotting. Antigenic 
surface proteins of mixed stage worms range from 35-52kDa. 
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1. Introduction 
 A handful of soil contains thousands of microscopic worms (Dindal, 1990 and 
Metting, 1993). Many of these worms belong to the phylum Nematoda which makes up 
the largest number of multi-cellular animals on the planet (Dindal, 1990 and Metting, 
1993). Some nematodes are parasitic to plants, insects and animals. These parasitic 
nematodes are a significant public health challenge.  An estimated 3 million new human 
infections occur annually by nematodes such as whipworm, hookworm and intestinal 
roundworm, especially in the developing world, but the total number infected is about 
one quarter of the human population (Miguel & Kremer, 2004).  
The success of these nematodes is hypothesized to be due to surface alterations as 
the worm develops from stage to stage (Philipp et al., 1980). During molting, the entire 
cuticle is replaced due to normal developmental processes (Kramer, 1997). As the 
parasite develops, the molecules displayed on its surface at each stage are potentially 
different.  In infections of certain nematodes, later developmental stage worms escape 
host immune responses elicited by earlier stages, thus enabling the parasite to evade host 
immune responses (Maizels et al., 1993). The hosts immune response is stimulated by 
surface molecules. In addition to the complete replacement of the cuticle that occurs at 
the molts, surface molecules can be shed rapidly into the surrounding environment 
without molting (Maizels et al., 1993). Shedding can occur in response to antibody or 
immune cell binding. The shed molecules can act as a distraction to sidetrack the immune 
response from the main parasitic organism (Maizels et al., 1993).  
Much has been learned about nematode genetics, development and anatomy by 
the study of Caenorhabditis elegans. C. elegans is an important model in many biological 
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fields; in this study it was used because its developmental and anatomical features are 
similar to those of parasitic nematodes, and the fundamental surface molecule expression 
mechanisms may also be similar (Kramer, 1997). The results of studying C. elegans are 
transferable to other nematodes (Blaxter, 1998). Among its many other advantages, it is 
free living and can easily be grown in the laboratory, whereas studying parasites requires 
culture in a living host organism. The genomic sequence of C. elegans has been 
determined; genes supposed to be involved in surface composition can be studied both to 
learn of patterns of expression during development as well as to understand the effect of 
loss of function on surface phenotypes. Surface antigen expression as studied here used 
mixed developmental stage, wild-type nematodes and specially designed anti-peptide 
antibodies against epitopes predicted from sequences of putative surface pathogens.
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2. Background 
C. elegans 
Caenorhabditis elegans are free living nematodes that have been used extensively 
in biological research because of their well documented characteristics. An extensive 
database and methodology is available; previous studies have used C. elegans as a model 
organism for studying surface molecule expression in nematodes. The adult worms are 
approximately 1mm long, making them easy to grow and keep in large quantities on agar 
plates with E. coli as the main food source (Riddle et al., 1997). They have a short, 
predictable generation time of 3.5 days at 20oC with sufficient food (Riddle et al., 1997).  
The life cycle consists of five post-embryonic stages (L1  L2  L3 - L4 and adult) that 
are separated by molts; at each of the four molts, a new multi-layer cuticle is synthesized 
(Politz et al., 1990). C. elegans have a developmentally arrested stage called the dauer 
larva (Grenache et al., 1996). This pre-L3 stage arises from unfavorable environmental 
conditions such as food shortage (Grenache et al., 1996). 
Two sexes exist; a self-fertilizing hermaphrodite and a male, but the males are 
uncommon with about 0.1 % prevalence (Riddle et al., 1997).  Self fertilization allows 
homozygous worms to be maintained; the worms easily reproduce with high offspring 
numbers.  These roundworms are a good model for observing developmental stages and 
one of their many advantages is that they are transparent throughout their life-cycle. It is 
possible to observe all cell divisions occurring during development from fertilized egg to 
adult because of this transparent nature. C. elegans are also easy to mutate either by 
chemical mutagenesis or ionizing radiation (Jorgensen & Mango, 2002). Mutant strains 
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can be isolated, maintained and stored as frozen stocks indefinitely.  And because the 
whole genomic sequence has been determined, genes of interest can be readily identified 
and studied. 
Nematodes have a simple anatomy, but have complex behavioral patterns 
characteristic of all multicellular animals, and most behaviors are modulated by 
environmental signals (Bargmann et al., 1997).  Some of these characteristics include 
memory and sensory response to touch, taste, temperature and smell (Bargmann et al., 
1997).  Behaviors also include locomotion, feeding, mating, and defecation (Riddle et al., 
1997).  All nematodes have the same basic body plan, which is made up of two 
concentric tubes, separated by a fluid-filled space (Kramer, 1997). There are two extra-
cellular matrices in C. elegans, the cuticle and the basement membranes. The cuticle 
covers the outside and lines some openings, for instance the rectum, while the basement 
membrane lines most of the internal organs (Kramer, 1997).  
The Cuticle  
 
The cuticle is a highly complex extracellular structure suitable for the many 
functions it must perform (Kramer, 1997). It is secreted by underlying epithelial cells 
covering the body, i.e. the hypodermis and seam cells (Kramer, 1997). The cuticle 
maintains shape, protects the nematode from environmental agents and acts as an external 
skeleton (Kramer, 1997). The extracellular cuticle is tough but flexible and multi-layered 
(Kramer, 1997). It is made primarily of collagen (Kramer, 1997). On the outside of the 
cuticle matrix, there is a 5-20nm thick surface coat made primarily of glycoproteins 
(Kramer, 1997).   
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The surface glycoprotein coat is seen at all stages, and is dynamic, i.e. in contrast 
to the collageneous layer, its components are synthesized continuously, and the coat is 
readily shed on environmental or antibody insult (Blaxter & Bird, 1997). Nematode 
surface coats contain proteins that are mucin-like (Gems & Maizels, 1996). Mucins are 
highly glycosylated proteins with a core polypeptide that acts as a scaffold for the 
abundant O-linked carbohydrate side chains (Mucin Biology Research Group, 2007). The 
carbohydrates can make up more than 50% of the complexs mass (Gendler & Spicer, 
1995). Mucins are found in mucous secretions and serve as lubricants with a high 
viscosity (Mucin Biology Research Group, 2007). Two types exist; secretory mucins and 
membrane-bound mucins containing hydrophobic regions (Mucin Biology Research 
Group, 2007). The polypeptide backbone is rich in serine and threonine amino acid 
residues, thus creating the sites for O-glycosylation (Gendler & Spicer, 1995).  
The nematode surface composition can change with each molt (Maizels et al., 
1993). At the larval stages, a new cuticle is synthesized and the old cuticle is shed 
(Kramer, 1997). The cuticle at different stages differs in protein composition, layer 
numbers and thickness (Kramer, 1997). The surface antigenicity can change when a new 
cuticle is synthesized and this mechanism is thought to be how the worm evades immune 
response.  In rodents infected with the nematode Trichinella spiralis, the exhibited 
antigens on infective larvae, adults and newborn L1 larvae are different (Philip et al., 
1980). Immune responses early in infection are directed primarily against the developing 
gut-resident larvae and reproductive adults; this may divert the immune response from 
the L1 larvae of the next generation long enough for them to escape immune attack 
during migration to their encystment sites in muscle (Wakelin & Denham 1983). The 
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surface is a target for environmental assaults like host immune systems in the case of 
parasitic worms, or bacterial and fungal agents in the case of free-living nematodes, and 
extreme salinity or aridity in both cases (Blaxter & Bird, 1997). Within a single stage, the 
surface composition can also change in response to host immune attacks or changes in 
host tissue. Evidence that free-living nematodes like C. elegans also change surface 
protein composition suggests that surface modification is a basic component of nematode 
development. Some of the extracellular components found in mammalian extracellular 
matrices such as glycoproteins and collagen are also found in C. elegans (Kramer, 1997). 
The genetic sequence is generally conserved in nematodes (Kramer, 1997).  
Nematodes have chemical sensory mechanisms which they use to detect 
environmental signals and which lead to changes in surface composition (Olsen et al., 
2007). This is a behavioral response that may defend the worms from biological attacks, 
i.e. pathogens (Olsen et al., 2007). 
Several phenotypes are observed to result from mutations of the cuticle 
composition genes. Mutations in the collagen genes result in morphological phenotypes 
such as Dumpy (dpy), Roller (Rol), Squat (Sqt) and Blister (Bli) (Kramer, 1997). In 
contrast, mutants altered in surface composition include those that create resistance to 
pathogens and include those of bacterial unswollen (bus), biofilm absent on head (bah) 
mutants, and altered surface (srf) mutants (Gravato-Nobre et al., 2005, Darby et al., 2007, 
and Politz et al., 1990). C. elegans is an excellent system for the genetic study of 
extracellular matrix structure. Details of surface coat composition are unknown and yet 
there is potentially a major medical and environmental significance to understanding the 
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genetic control of the surface antigen expression. With the availability of the C. elegans 
genomic sequence, it is possible to identify genes involved in surface composition.   
Surface Antigenicity  
The nematode surface is antigenic to an infected host (Politz & Philipp, 1992). 
Even though there is a wide diversity of nematodes, studies have indicated a 
commonality in the host immune response, with a TH2 response predominating even if C. 
elegans antigens were the immunogen (Tawill et al., 2004). This may be because the 
glycan moieties of nematode surface antigens dominate the immune response.  
The body of a mammalian host reacts by mounting a type 2 immune response to 
parasitic nematodes (Tawill et al., 2004). Type 2 responses are mediated by antigens 
present on the parasites surface (Tawill et al., 2004). Surface antigens are also found as 
excretory-secretory antigens, i.e. shed and excreted surface parts (Gems & Maizels, 
1996).  These antigens enable the effector cells to mount a specialized attack (Janeway et 
al., 2005). During the course of an immune response there are two types of effector T 
cells, one of them being the TH2 cells (type 2 helper T cells) (Janeway et al., 2005). The 
sugars on the surface glycoproteins act as ligands for pattern recognition receptors and 
induce the TH2 response (Tawill et al., 2004). Epitopes which induce type-2 response 
have been reported to show unique structures (Medzhitov & Janeway, Jr., 2000 and 
Janeway et al., 2005).   
Mice inoculated with soluble extracts of the nematodes (parasitic and free living) 
show antigen-specific antibody proliferation (Tawill et al., 2004).  Expression of the IL-4 
cytokine, which is a specific indication of TH2 induction, was observable after 72 hours 
post immunization (Tawill et al., 2004). Since antigens are shed, molting is not necessary.  
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Soluble antigens of nonparasitic nematode i.e. C. elegans displayed the same property of 
inducing a type-2 immune response (Tawill et al., 2004) 
TES-120 and SXC Family 
Toxocara canis is a parasitic nematode of dogs (Gems & Maizels, 1996).  The 
infective larvae secrete a family of glycoproteins named Toxocara excretory/secretory 
(TES) antigens (Gems & Maizels, 1996).  Included in this class of TES antigens are four 
mucin-like glycoproteins named TcMUC-1 to TcMUC-4 (Gems & Maizels, 1996 and 
Loukas et al., 2000).  These glycoproteins are similar in size and have been termed 
collectively TES-120 (Gems & Maizels, 1996).  The entire surface coat sheds easily 
under immune attack such as antibody binding (Gems & Maizels, 1996, Loukas et al., 
2000, and Doedens et al., 2001).  The TES-120 antigens are found both on the surface 
and as excretory-secretory molecules of infective larvae (Gems & Maizels, 1996 and 
Loukas et al., 2000). TES-120 is a mucin-like, heavily O-linked glycoprotein (Gem & 
Maizels, 1996, Loukas et al., 2000, and Doedens et al., 2001). The cDNAs of the surface 
coat TES-120 protein family members have been cloned from T. canis cDNA and are 
called Tc-muc 1 to Tc-muc 4 (Doedens et al., 2001).  They encode surface coat and 
secreted mucins (Doedens et al., 2001).  The secreted proteins have three major 
properties that are used in identification. These distinguishing properties include 
glycosylation, serine/threonine rich regions common to the N-Terminus, and the six 
times cysteine domain (SXC) which is highly conserved and contains six cysteine 
residues that form disulfide bonds within the protein (Gems & Maizels, 1996, Blaxter, 
1998 and Loukas et al., 2000). The Tc-muc genes have two or four copies of the 
conserved 36-amino acid SXC domain (Doedens et al., 2001). The SXC domain is found 
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in many nematodes and this motif has also been identified in C. elegans genes (Gems & 
Maizels, 1996 and Loukas et al., 2000). The C. elegans SXC domains and Ser/Thr 
regions in genes were identified via Blast searching of the C. elegans genome (Emery, 
2002). Identified T. canis surface proteins and those of C. elegans share similar 
properties, however little is known about the details of their expression.  Therefore to 
better understand surface protein expression, anti-peptide antibodies were developed 
from different members of SXC family proteins to be used as probes of protein 
expression in C. elegans.   
Peptides Chosen 
The SXC domains found throughout nematode genes can be sorted into clusters 
based on primary structure (Blaxter, 1998 and Emery, 2002). Loukas et al., (2000) 
modeled the 3D structure of an SXC domain in T. canis based on the known structures of 
a similar domain in the sea anemone Bunodosoma granulifera. The T. canis SXC domain 
could be folded into a secondary structure similar to that of B. granulifera, and 
similarities in the structure including the positioning of the cysteine residues forming the 
disulfide bonds are observed (Figure 1).  
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Figure 1: 3D structure of SXC Domain. (Top) The structure of the sea 
anemone Bunodosoma granulifera determined from NMR  and SXC domain for 
Tc-MUC-1 (Bottom) determined by computer modeling. Retrieved from Loukas 
et al., 2000.   
 
There are over 75 genes in C. elegans that contain SXC motifs and on average, 3 
SXC domains in each gene (Blaxter, 1998 and Emery, 2002). Emery (2002) found 
approximately 300 SXCs in the C. elegans genome. There are 5 SXC families in C. 
elegans (Emery, 2002). Cysteine spacing and amino acid conservation information were 
used to determine the five SXC families (Emery, 2002).  
Amino acid sequence alignments were made with the SXC motifs in C. elegans 
and T. canis (Figure 2) and these data revealed that the residues between C1 and C2 were 
the most variable from one SXC sequence to another (Emery, 2002).  Moreover, this 
region appears to form a loop accessible on the surface of the SXC (Figure 2). For this 
reason, the C1-C2 loop sequences were thought to be best for eliciting gene-specific anti-
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peptide antibodies. The F41G3.10 gene was chosen for study because it may be srf-6, 
which is currently under investigation.  This gene was also chosen because it is known to 
be expressed on the RNA level and the exons are uniform and easily predicted (Politz, 
personal communication). 
Alignment of C. elegans gene F41G3.10 exons
with T. canis Tc-MUC SXC sequences
* ** *   * ***  ***** ** ***** **********
Exon 1       MQQITLVVLAVLCSYSWGCVDLTNPRTGTSDCARLASYCTNSVYLSLMRQQCPRTCGYC
Exon 2       SSSSTATSVSSTTSSSSTCVDLTNPRTGTSDCTRLASYCTNSVYIPLMRTQCPRTCGFC
Exon 3       MQTTVLFIMAALCTVSWGCVDLTNPSNGVSDCTRLASYCTNSVYLTLMKTQCPKTCGFC
Exon 4           SSSSTSSTTSSSSTCVDLTNASTGVSDCTRMASYCTNSIYLTLMKQQCPKTCGYC
Exon 5           TTTVATTTATTATTCVDLTNPSTGVSDCPGMASYCANSAYLTLMKQQCPKTCGYC
Exon 6            TSSSATTTSSSSTCIDLTNASTGVSDCPGMASYCTNSAYLTLMKQQCPKTCGYC
Exon 7               SSSSSSSSSSCADLVNSSIGVSNCASMASYCTNSVYLSLMKTQCPKTCGYC
Exon 8             STTTRTSVTSGTCVDLTNPSTGTSDCTRMASYCFNSFYLTLMRQQCPRTCGYC
Exon 9             TGTATTTRTSTTCVDLTNPTTGVSDCTRMASYCNNSAYITLMRQQCPRTCGYC
Exon 10          SGSGVVTTTRTSTTCADLVNPNTGTSDCTAMRSYCNNSAYATLMRQQCPRTCGYC
* *  *      **      *            *   *  *
Tc-MUC-1 SXC 105-140           CIDTAN------DCQLFTPLCFVQPYSRAIQGRCRRTCNIC
Tc-MUC-1 SXC 141-176           CQDSAN------DCANPVSVCLNPTYQPVLRSRCPLTCGFC
Tc-MUC-2 SXC 112-147           CIDTAN------DCQLFMPLCFVQPYSRAIQGRCRRTCNIC
Tc-MUC-2 SXC 148-172           CRDDAN------DCARLVTFCGNPMYQPVLRTRCTLTCGFC
Tc-MUC-3 SXC  34-69            CVDSAS------DCQQHTSLCFMQPYSRSMQSRCQRTCNIC
Tc-MUC-3 SXC  70-94            CRDDAN------DCARLVTFCGNPMYQPVLRTRCTLTCGFC
Tc-MUC-3 SXC 198-233           CSDAAM------DCQRYAGMCFTQPYSRAIQGRCRRTCNIC
Tc-MUC-3 SXC 234-258           CHDSAN------NCGSLISYCDDPTLQSVLRSKCPLSCGFC
Tc-MUC-4 SXC 121-156           CVDNAN------DCQVFMQLCFVQPYSRAIQGRCRRTCNIC
Tc-MUC-4 SXC 157-191           CQDTAN------DCANYVSVCLNPTYQPVLRTRCPLTCGLC
Invariant or nearly invariant residues are indicated by an asterisk.  
Ser/Thr-rich sequences are shown in green.  T. canis cDNA sequences 
also contain ser/thr-rich coding sequences, but these are separated 
from the SXC sequences, unlike the F41G3.10 arrangement.  
Figure 2: Alignment of the C. elegans F41G3.10 exons and Tc-MUC SXCs. 
 
Of the SXC-containing genes in C. elegans, one of the genes used to design 
antigenic peptides was the F41G3.10; the exons are compared to the T. canis Tc-MUC 
SXC sequences in Figure 2.  Cysteine spacing of exons in the C. elegans F41G3.10 gene 
are similar to those in the Tc-MUC mucin-like glycoproteins (Figure 2). 
Another reason for using anti-peptide antibodies is that they are specific to the 
peptide moiety of the mucin-like protein as compared to previously used monoclonal 
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antibodies (mAb) and lectins for surface molecule expression (Hemmer et al., 1991 and 
Link et al., 1992).  All of these previously used probes interact with glycans and not 
proteins.  Anti-peptide antibodies can be used to determine whether surface composition 
is regulated by changes in apoprotein expression.   
The peptides chosen represent different SXC families with specific differences for 
greater data gathering.  In each case, the domain used to create anti-peptide antibodies 
was between the C1  C2 residues. This sequence contains asparagine (N) in all of the 
exons of F41G3, but in exon 5, the N is followed by proline (P) (Figure 2).  An 
asparagine followed by proline has never been observed to be glycosylated in any protein 
(Ben-Dor et al., 2004).  
Figure 3 presents the peptides chosen, their sequences, and their respective SXC 
families, according to Emery (2002). 
SXC   Peptide    SXC Family 
  
1. F41G3.10-5: NH2-VDLTNPSTGVSD-CONH2   3 
2. T05B4.12-3: NH2-TSYAADSSTS-CONH2   5 
3. F35E8.10-1: NH2-PNVAYPRLN-CONH2   2 
4. T05B4.10-2: NH2-GGGGVDAVTN-CONH2   4 
5. Y39G8B.g-1: NH2-GGGIDDPDVD-CONH2   2 
 
Figure 3: Peptides Chosen. The listed peptides were used to create the anti-
peptide antibodies.  The cysteine has been removed for synthesis purposes as 
well as for coupling to the carrier protein.  The C-terminus has CONH2 where 
the carrier peptide is coupled via NH2.  Glycine residues were added to peptides 
4 and 5 for spacing purposes. Retrieved from Prof. Politz, personal 
communication. 
 
Four rabbits were injected with peptides coupled to the highly immunogenic 
carrier protein klh (keyhole limpet hemocyanine) (Politz, personal communication).  A 
pre-immune serum sample was collected from each rabbit prior to immunization.  Two 
rabbits were injected with F41G3.10-5 only and the other two were injected with a 
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pooled solution of all 5 peptide conjugates, including F41G3.10-5 (S. Politz, personal 
communication). Antiserum was collected and checked for specificity by the Enzyme-
Linked ImmunoSorbent Assay (ELISA) (Figure 4 and Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: ELISA of anti-peptide antiserum against F41G3.10 peptide. The 
peptide was immobilized on the micro-titer well. Antiserum was incubated in 
wells, and then HRP-conjugated secondary antibodies (horseradish peroxidase) 
were used.  After addition of HRP substrate the absorbance of the wells was 
measured.  The lower curve (pink) represents the pre-immune serum and the 
upper curve (blue) represents the antiserum from the same rabbit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: ELISA of anti 5 peptide mix immune serum.  All the curves 
represent the same immune serum and the pre-immune serum is not shown.  
There is detectable binding for four out of the five peptides.  Y39G8 does not 
show any binding above background (not shown) and F35E8 has a low affinity 
but shows immunodominance. Peptide sequences shown in Figure 3. 
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Mutants 
 Surface antigen mutants have been identified and screened using fluorescently 
tagged antibody probes (Link et al., 1992 and Politz et al., 1990). These probes bind to 
the surface of living C. elegans and this allows individual picking of mutants observed 
under the fluorescent microscope, thus creating mutant stocks by self-fertilization (Politz 
et al., 1990). This method has been used for screening mutants that have changes in the 
pattern of surface exposure.  There are no cuticle morphology changes in the mutants 
isolated but antigens presented on the wild-type (WT) surface may not be present, thus 
allowing exposure of antigenic determinants that are masked in WT (Politz et al., 1990). 
Mutations cause a concomitant loss in components on the surface (Hemmer et al., 1991).   
 Some of the surface-altered mutants are resistant to infection by the bacteria 
Microbacterium nematophilim and Yersinia pseudotuberculosis (Hodgkin et al., 2000 
and Joshua et al., 2003). Eight srf (surface antigenicity abnormal) genes have been 
documented exhibiting altered surface antigenicity when mutated (WormBase, 2007).  
The genes involved may be involved either in the encoding of surface molecules or the 
encoding of the enzymes involved in processing surface proteins e.g. glycosylation. Of 
these genes, srf-2, srf-3 and srf-5 are resistant to M. nematophilum infection (Gravato-
Nobre et al., 2005, Hoflich et al. 2004, Politz et al., 1990, and Link et al., 1992).  In the 
case of srf-3, it has been demonstrated that the infecting bacteria fail to adhere to the 
cuticle (Hoflich et al. 2004 and Gravato-Nobre et al., 2005). Srf-3 encodes a nucleotide 
sugar transporter that may be important in glycosylating surface glycoproteins (Hoflich et 
al., 2004). 
Another type of srf phenotype is the change in timing of expression of stage-
specific surface molecules (Olsen et al., 2007). In this case, surface components were 
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identified by monoclonal antibody probes (Olsen et al., 2007).  For example, srf-6 
mutants display on all larval stages a surface epitope that is present only on the wild-type 
L1 surface (Olsen et al., 2007).  
 Other mutants known to have an effect on surface molecule expression are the bus 
(bacterial unswollen) and bah (biofilm absent on head) mutants.  There are 16 known bus 
mutants (WormBase, 2007).  They are resistant to M. nematophilum and do not exhibit 
the anal swelling characteristic of M. nematophilum infections (Gravato-Nobre et al., 
2005).  
Bah mutants describe C. elegans resistant to Yersinia. Worms infected with 
Yersinia have a biofilm form over the nematodes head (Darby et al., 2007). There are 3 
documented bah mutants that do not form such a biofilm (Darby et al., 2007).  
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3. Project Purpose 
Little is known about the genetic control of nematode surface molecule 
expression. The primary experimental focus of this project was to test the anti-peptide 
antibodies specifically designed from structural information on T. canis surface 
glycoproteins and C. elegans putative surface glycoproteins.  Using the model organism 
C. elegans, the aim was to better understand nematode surface antigen expression. The 
main mode of experimentation was Western blotting experiments of three different 
nematode protein extracts  total, cellular and cuticle protein  from wild-type C. elegans 
at mixed stages of development. 
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4. Methods 
Nematode Culture 
Maintaining Mutant Stock 
 To grow C. elegans, the worm stocks were maintained on 60 X 15mm Petri dishes 
that contained NGM agar (Appendix 1A) and a lawn of E. coli OP50 as the food source. 
The plates were incubated at 20oC with mixed stage worms. When the bacterial food 
source was almost completely consumed, three hermaphrodites were re-plated onto fresh 
plates which had an E. coli OP50 lawn. It took about four to five days for the worms to 
eat all the E. coli on the plates.  Re-plating was therefore done every four days to 
maintain mutant stocks. 
Assay Worms 
 For growth of large quantities of worms for isolation of proteins, 100 X 15mm 
plates were made, each containing 30mL of half enriched agar (Appendix 1B). After 
pouring, the plates were left overnight to solidify and cool.  The next day, the plates were 
spotted with liquid cultured E. coli OP50 and the liquid was spread over the entire plate.  
It took approximately three days for the  E. coli OP50 lawn to grow.  Once large plates 
and worms were ready, 10 hermaphrodites were transferred onto each plate.  Four plates 
were made of each mutant.  Wild-type worms were also plated. Table 4 shows the 
mutants that were studied. 
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Table 4: Mutants used in this study 
 
Strain Genotype 
N2 Wild-type 
DC 4 bus  4 (br 4) 
DC 11 bus - 17(br 11) 
DC 1 bah  1 (br 11) 
DC 7 bah  2 (br 2) 
DC 8 bah  2 (br 8) 
DC 3 srf  2 (br 3) 
DC 10 srf  2 (br 10) 
DC 6 srf  3 (br 3) 
 srf  6 (yj 13) 
 
  
The plates were incubated at 20oC for seven to eight days until worms had just 
consumed all the E. coli.  Worms were washed off the plates with M9 buffer (Appendix 
1C).  A Pasteur pipette was used to transfer the washed off worms into 15mL centrifuge 
tubes.  Worms were pelleted briefly in a table-top centrifuge at 1500rpm (1263 x g) and 
the supernatant was removed.  The worms were then washed by resuspending the pelleted 
worms in M9 buffer to fill the tube, followed by recentrifugation and removal of the 
supernatant. This process was repeated three times.  After the final wash, the supernatant 
was removed and the worm pellet was brought to 5mL with sonication buffer (Appendix 
1D). 
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Protein Fractionation 
Collect worms 
 
 
 
Sonicate 
 
 
 
 
Total Protein  
 
       Low Speed Spin 
 
      Cuticle Protein (Pellet)              Cellular Protein (Supernatant) 
 
Figure 6: Schematic overview of fractionation process. 
 
Sonication 
 Everything was kept on ice and protective ear muffs were worn throughout this 
process. A Branson Sonifier Cell Disrupter, model W185 was used to sonicate the 
worms. The sonicator tip was pre-chilled in an ice-water bath. The sonicator tip was 
placed into the tube containing resuspended worms in sonication buffer and the Output 
was set to 5. The worm suspension was sonicated  for intervals of 30 seconds with 30 
second rests in-between.  This cycle was repeated about five to six times.  Lysis of worms 
was verified by checking small aliquots of the lysate under a dissecting microscope. 
Sonication was determined to be complete when there were no whole worms seen under 
the microscope and fragments of the worm body and cuticle were floating in the solution. 
Protein Fractions 
  A schematic flow chart of the fractionation procedure is shown in Figure 6. 
Everything was kept on ice for this process. To give a total protein extract, one third of 
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lysed worm solution was placed in a 50mL round-bottom screw-top tube.  The remaining 
two-thirds of the lysate were centrifuged at 3750 rpm (3200 x g) at about -5oC for 10 
minutes.  The supernatant was removed. This supernatant contained soluble cellular 
proteins.  The pellet containing cuticle fragments was washed three times with sonication 
buffer to remove residual cellular protein.  Washes consisted of re-suspending pellet and 
centrifuging the solution at 3750 rpm at about -5oC for 10 minutes each.  Supernatants 
were discarded after each wash.  After the final wash, 2mL of sonication buffer was 
added to the pellet.  The pellet was re-suspended and placed in a previously weighed 
50mL round-bottom screw-top tube. Each protein fraction was shell-frozen and 
lyophilized overnight. 
Delipidation 
 Samples were removed from the lyophilizer and weighed while still in 50mL 
round-bottom screw-top tube.  16mL of Chloroform:Methanol:Water (CMW)(Appendix 
1E)  was added per 1g lysate dry powder. Each sample was then vortexed for two 
minutes and centrifuged for 10 minutes at 10,000rpm (25, 448 x g) at about -10oC in a 
fixed angle rotor.  The supernatant was removed and discarded in the appropriate 
hazardous waste container.  This delipidation process was repeated three times with 16 x 
16 x 16mL CMW:1g lysate.  After removal of last supernatant, pellets were allowed to 
air-dry overnight in a fume hood.  
Dissolving proteins 
 1.5mL of Tris SDS β-mercaptoethanol (TSB) (Appendix 1F) was added to the 
cuticle fractions, and 2.0mL was added to the cellular and total fractions.  The protein 
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powders were boiled in TSB for 10 minutes.  Samples were transferred into Eppendorf 
tubes, labeled and froze in liquid nitrogen.  The samples were stored at -80oC . 
Protein Concentration 
 
10µL aliquots of cuticle, cellular and total protein fractions were placed in 
Eppendorf tubes. 90µL acetone was added to each tube and tubes were left overnight at -
20oC. 
After overnight incubation, acetone precipitated proteins were pelleted in a 
microcentrifuge for 10 minutes. Acetone supernatant was removed. The samples were 
allowed to air dry in open tubes for 1 hour to remove the traces of acetone. Then 1mL 
working reagent from the Pierce Micro BSA Protein Assay Kit® was added to each 
sample. Sample solutions were transferred to labeled small glass test tubes and an 
additional 1mL of distilled water was added to each. A BSA standard dilution series was 
prepared in labeled glass test tubes as instructed by the Pierce Micro BSA Protein Assay 
Kit® manual.  All of the test tubes were incubated in a 60oC water bath for approximately 
1 hour.  After incubations, the samples were allowed to cool to room temperature, and 
within 10 minutes each sample absorbance was read at 562nm in the spectrophotometer. 
Samples were compared to the BSA standard curve to determine original sample protein 
concentrations. 
SDS-PAGE 
10µL aliquots of each sample were added to Eppendorf tubes.  The samples 
included 10µL total, cellular and cuticle protein fractions as well as 10µL of Invitrogens 
SeeBlue® Plus2 / SeeBlue® Marker.  Finally 10µL of beta-mercaptoethanol-containing 
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Laemmli Sample Buffer (Appendix 1G) was also added to each sample.  Samples were 
boiled for five minutes and centrifuged momentarily in a microcentrifuge. The samples 
were separated by electrophoresis on Bio-Rad Tris HCl Ready Gels® using the running 
buffer described in Appendix 1H. Wells were loaded with 20µL of sample and the gel 
was electrophoresed for 1 hour at 160 Volts. Migration distances of SeeBlue® markers 
were measured from the top of the separating gel.   
Coomassie Brilliant Blue Staining  
 
Some gels were stained with Coomassie Brilliant Blue. Gels were incubated in 
staining solution (Appendix 1I)  at 4oC overnight on a shaker.  After staining, gels were 
destained in destaining solution (Appendix 1J) overnight at 4oC.  When protein bands 
were visible, the gel was photographed using a white light trans-eliminator and a B&W 
55mm 022 Med Yellow filter. 
Western blotting 
Some gels were subjected to Western blotting with anti-peptide antibodies. After 
running gel prior to measuring migration, Millipores Immobilon P Polyvinylidene 
fluoride (PVDF) transfer membrane was prepared as follows.  The membrane was soaked 
in 100% methanol for 15 seconds, then submerged in distilled water for 2 minutes.  The 
membrane was then soaked in chilled transfer buffer (Appendix 1K) for 5 minutes with 
two filter sponges and two filter paper sheets.  
 The transfer apparatus was filed with chilled transfer buffer. A stir bar was added 
into the transfer apparatus.  The blotting sandwich was assembled with sponge pads, filter 
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paper, gel, and PDVF membrane as illustrated by Figure 7. The apparatus was placed in 
an ice-water bath over a magnetic stirring platform. 
 
 
Figure 7: Transfer sandwich. Schematic representation of transfer 
apparatus and direction of transfer.  Retrieved from http://www-
biology.ucsd.edu/labs/aroian/protocols/sandwich.gif. 
 
The transfer was run for 1 hour at 120mA.  After the hour run, the migration 
distance of the SeeBlue® markers was measured from the top of the separation gel.  The 
membrane was submerged in 30mL blocking buffer (Appendix 1L) and kept overnight at 
4oC on a shaker. 
 Buffer was removed and 30mL fresh blocking buffer and 100µL of primary 
antibodies (Ab) were added, after overnight blocking. The container was placed on a 
shaker and incubated overnight at 4oC. 
 After overnight incubation, the primary Ab incubation solution was stored at 4oC 
in screw top test tube, and the membrane was washed three times. Washes consisted of 
submerging membrane in 50mL blocking buffer and placing the container on a shaker for 
10 minutes at room temperature, each time.  After the third wash, 20mL blocking buffer 
and 20µL secondary Ab (Sigma Aldrichs A2074 Monoclonal Anti-Rabbit 
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Immunoglobulins Peroxidase Conjugate Clone RG-16) was added.  The membrane was 
incubated in secondary Ab solution at room temperature for 1 hour.  
 The membrane was then washed 3 times at room temperature with 50mL blocking 
buffer on a shaker, each time.  Color was developed on the membrane by using Bio-
Rads Opti-4CN Substrate kit®.  The membrane was observed until satisfactory color 
intensity appeared and then the coloring reaction was stopped by submerging the 
membrane in distilled water for two minutes. The membrane was dried and photographed 
the next day on a copy stand with overhead incandescent illumination. Membrane was 
stored between paper towels, wrapped in aluminum foil. 
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5. Results 
Protein Integrity and Concentration 
 
SDS-PAGE separates proteins based on size.  The protein fractions used in most 
experiments were prepared by Chenying Guo in 2004; to check whether the protein 
fractions had degraded during storage and the approximate amount to be used, a 
Coomassie Brilliant Blue staining was done.  Mixed-stage wild-type C. elegans protein 
fractions were used. 
 
 
 
Figure 8: Initial Coomassie stain. Lane 1, 02/11/04 cuticle protein; lane 2, 
02/11/04 total protein; lane 3, 08/13/04 cuticle protein; lane 4, 08/13/04 total 
protein; lane 5, 08/13/04 cellular protein; lane 6, 08/13/04 secreted protein; lane 
7, SeeBlue® marker. Approximately 10µg of each sample was loaded. 
 
The experiment was repeated with adjustments to the quantities of 08/13/2004 samples. 
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Figure 9: Adjusted Coomassie Stain. Lane 1, 02/11/04 cuticle protein; lane 2, 
02/11/04 total protein; lane 3, 08/13/04 cuticle protein; lane 4, 08/13/04 total 
protein; lane 5, 08/13/04 cellular protein; lane 6, 08/13/04 secreted protein; lane 
7, SeeBlue® marker. Lanes 3  5 containing 08/10/04 samples had a tenfold 
increase in protein amount from 10µg to 100µg. 
 
 The amount of protein loaded into the lanes 3  5 was increased tenfold, i.e. the 
initial gel (Figure 8) had about 10µg loaded in each well, an the second Coomassie 
stained gel (Figure 9) had about 100µg loaded. 
Bands in the fractions illustrate the presence of proteins of different sizes, and the 
sharpness of most bands suggests that proteins are not degraded.  These protein fractions 
were used in anti-peptide antibody experiments. 
Single Anti-peptide Antibody Probe 
 Using the anti-F41G3.10-5 serum, a 52kDa antigenic protein was detected in the 
fractions (Figure 10) by Western blotting. The size of the band was deduced from a 
standard curve constructed with respect to migration of SeeBlue® marker components.  
The cuticle fraction had the most prominent band. Besides the 52kDa band, a smear was 
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apparent at the top of the separating gels in all lanes. At about 22kDa there is a band 
observed in all lanes, and minor bands between 50 and 36kDa below the 52kDa band. 
 
 
Figure 10: Single Anti-peptide Antibody Antiserum. Lane 1, 10µg 02/11/04 
cuticle protein; lane 2, 10µg 02/11/04 total protein; lane 3, 136µg 08/13/04 
cuticle protein; lane 4, 110µg 08/13/04 total protein; lane 5, 119µg 08/13/04 
cellular protein; lane 6, 08/13/04 SeeBlue® marker.  
  
 
To ensure the bands seen were due to the anti-peptide antibody production as a result of 
immunization and not from prior exposure the rabbit had to a similar antigen or from 
non-specific staining, the pre-immune serum was also used (Figure 11).  
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Figure 11: Single Anti-peptide Antibody Pre-immune Serum. Lane 1, 10µg 
02/11/04 cuticle protein; lane 2, 10µg 02/11/04 total protein; lane 3, 136µg 
08/13/04 cuticle protein; lane 4, 110µg 08/13/04 total protein; lane 5, 119µg 
08/13/04 cellular protein; lane 6, 08/13/04 SeeBlue® marker.  
 
 
There are no prominent bands in any of the fractions when blotted with pre-
immune serum. The 52kDa band was not visible in the pre-immune blot, indicating that it 
is a specific antigen for this antiserum. However, the higher molecular weight smear, the 
minor bands between 50 and 36kDa below the 52kDa mark, and the faint band at 22kDa 
across all fractions are still apparent, suggesting that these bands represent non-specific 
binding. 
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Five Anti-peptide Antibody Probe 
Using just the 5 peptide antiserum a 35kDa band was observed in the fractions 
(Figure 12). The size of the band was deduced from a standard curve constructed with 
respect to SeeBlue® marker components and migration.  The cuticle fraction had the 
most prominent band. The negative control with just pre-immune serum showed no 
prominent bands. The minor bands at 20kDa appear in both immune and pre-immune 
blots and may represent nonspecific background. 
 
Figure 12: 5 anti-peptide antibody antiserum and pre-immune serum. Lane 
1, 10µg 02/11/04 cuticle protein; lane 2, 10µg 02/11/04 total protein; lane 3, 
136µg 08/13/04 cuticle protein; lane 4, 110µg 08/13/04 total protein; lane 5, 
119µg 08/13/04 cellular protein; lane 6, 08/13/04 SeeBlue® marker.  
Antiserum: left panel; pre-immune serum: right panel. 
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Pooled Single and Five Peptide Antiserum 
The single peptide and five peptide antiserum were pooled and used to blot a 
single membrane (Figure 13).  A 51kDa band and a very faint 35kDa band were 
observed.  This was done to confirm that the 35kDa and 52kDa band are not the same.  
 
Figure 13: Pooled single + five peptide antiserum. Lane 1, SeeBlue® marker; lane 2, 
136µg 08/13/04 cuticle protein; lane 3, 110µg 08/13/04 total protein; 119µg lane 4, 
08/13/04 cellular protein. 
 
 The dark smears at the higher molecular weights, and the band at about 
20kDa are due to extensive exposure of the membrane to the Opti- 4CN. The 
bands between 50kDa and 36kDa also appear on the single peptide immune and 
pre-immune blots and are nonspecific binding, i.e. background. 
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6. Discussion 
 
The proteins used in this study were from wild-type mixed stage C. elegans stored 
since 2004, and initial testing by total protein staining with Coomassie Brilliant Blue was 
to ensure that the proteins present were still intact.  From the previously determined 
concentrations of the protein fractions, equal masses of the different fractions and 
preparations were loaded to see if the approximate intensity of bands seen was the same 
in each fraction. This would qualitatively reveal whether there were approximately equal 
amounts of protein to be stained in each loaded sample. The results showed that the 
08/13/2004 samples indicated that the recorded concentration of these proteins was lower 
than expected (Figure 8).  A revised estimate of protein concentration led to adoption of a 
ten-fold increase in the volume of the 08/13/2004 samples loaded in subsequent 
experiments. 
The rationale for using anti-peptide antibodies is that the antibody will react with 
the protein antigen rather than attached glycans, and will therefore yield information on 
whether surface alterations in mutants or different developmental stages are due to 
changes in glycosylation or apoprotein expression. The long-term goal is to understand 
the changes in antigen presentation on the nematode surface.  The tests that were done 
illustrate that the anti-peptide antibodies detect antigens most readily in the cuticle 
fraction. In other words, antigen is cuticle-associated, as would be expected for a surface 
protein. This distinction is most readily seen with the single peptide antiserum against 
F41G3.10-5, where the most pronounced band is in the cuticle fraction (Figure 10). A 
faint band is also seen in the total fraction because it consists of both the cuticle and 
cellular fractions.  In one case, it is possible to see an even fainter band in the cellular 
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fraction (Figure 10).  This is possibly due to contamination when the cellular supernatant 
was removed after centrifugation to pellet the cuticle fraction.   
The results indicate that the immunization with the peptides did elicit an immune 
response in the rabbits.  The negative control with the pre-immune serum (Figure 11) has 
no prominent bands and therefore it is assumed there are no antibodies interacting with 
the proteins. This allows for the assumption that the rabbit had not been exposed to this 
antigen prior to being immunized. Most importantly, it indicates that the 52kDa antigen is 
detected by a specific antibody, not by nonspecific binding. The smears that were 
observed at the top and bottom of the membranes blotted with antiserum, were also 
observed on the membranes blotted with pre-immune serum. This indicates that these 
bands are not due to specific binding of the antibodies made against the specific peptides.  
These bands are possibly due to antibodies present in the rabbits prior to immunization, 
or to nonspecific background. 
In the test with the five peptide antiserum, it is possible to see a 35kDa band in 
predominantly the cuticle fraction.  Unexpectedly, only one prominent antigenic band 
was detected, in spite of the fact that this rabbit was immunized with all five peptides.  
Perhaps this antigen was immunodominant, or perhaps the other antigens are present at 
concentrations below the sensitivity of the detection method. However the antigen is not 
the same size as the one seen in the anti-F41G3.10-5 antiserum, so that it is presumed that 
this band is for another protein.  To determine which protein it is, one could possibly pre-
incubate the antiserum with one of the five peptides and blot a membrane, and repeat this 
process with one peptide at a time to determine which protein is interacting with the 
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fractions.  The blot where the band does not appear will reveal which peptide binds to 
form the 35kDa band.  
It can also be presumed that identifying which gene product forms the 35kDa 
band represents by using the predicted coding sequences and size estimations of the 
proteins.  What was found however is that the WormBase predicted sizes of the proteins 
much smaller than expected.  For example, the F41G3.10 peptide is predicted by the 
program Genefinder in WormBase to be 19.8kDa, whereas the blot shows a 52kDa band 
and the prediction from examining the sequence is about 50kDa.  Genefinder is good at 
predicting open reading frames but not good at determining the ends of genes.  In this 
case, the best estimate of protein size is the Western blot band observed. 
By pooling the single and the five anti-peptide antibodies, the presumption was 
that more information could be obtained from a single membrane if both the 52kDa and 
35kDa band appeared.  What was observed (Figure 13) indicates that the single anti-
peptide antibody probe produces a much more intense band as compared to the five anti-
peptide antibodies.  The membrane was developed as much as possible to ensure both 
bands were visible without making the background very dark so the bands would not be 
seen.  The weak bands just below the 51kDa band are observed in the single peptide 
antiserum and were considered part of the background because they are also observed in 
the pre-immune blots. And the band at the bottom of lane 2 (Figure 13) is where the 
proteins stopped during migration. From these results, it is concluded that future 
experiments with these anti-peptide probes should be done separately i.e. a membrane 
should be blotted with just the single anti-peptide antiserum and a separate membrane 
should be blotted with just the five anti-peptide antiserum. 
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It was unexpected to see sharp bands on the antiserum blots.  This is because 
glycoprotein blotting does not usually produce crisp bands due to variations in the 
components of glycan chains in different molecules i.e. micro-heterogeneity.  It is 
possible that the antibodies only bind to unglycosylated polypeptide chains and that the 
glycan modification block antibody binding 
There are several possible steps to take in the future.  Firstly described above, 
which protein is interacting with the surface antigen in the five peptide antiserum should 
be determined.  Another direction to proceed would be to use the antibodies to screen for 
changed in antigen expression in mutants that are known to affect surface composition.  
Several of the genes represented have been cloned, and affect protein glycosylation 
(Hoflich et al., 2004, J. Hodgkin, personal communication and Yook & Hodgkin, 2007). 
It would be interesting to see if a defect in glycosylation results in a shift of an antigen to 
a different molecular size in the Western blot.  Finally, synchronous populations of 
specific developmental stages could be probed for changes in antigen expression across 
the developmental profile.  There is still a lot to be done to better understand 
nematomucin antigen expression. 
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8. Appendices 
8.1 Appendix 1  Solution Preparation 
A. NGM Agar 
Per liter 
 
3g NaCl 
17g Agar 
2.5g Peptone 
975mL Distilled Water 
 
Autoclave for 20 minutes at 121oC and add the remaining ingredients once solution cools 
to about 51oC. 
1mL 1M CaCl2 
1mL 0.5% Cholesterol 
25mL KPO4  pH 6.0 
1mL 1M MgSO4 
 
Pour 10mL per plate. 
B. Half Enriched Agar  
Per liter 
 
3g  NaCl 
25g Agar 
2.9g Peptone 
4g Nutrient Broth 
975mL Distilled Water 
 
Autoclave for 20 minutes at 121oC and add the remaining ingredients once solution cools 
to about 51oC. 
 
1mL  1M CaCl2 
1mL  0.5% Cholesterol 
25mL 1M KPO4  pH 6.0 
1mL 1M MgSO4 
 
Pour 30mL per plate. 
C. M9 Buffer  
Per liter 
 
 44
3gr KH2PO4 
6gr Na2HPO4 
5gr NaCl 
1mL  1M MgSO4 
 
D. Sonication Buffer 
 
10mM  Tris.Cl  pH 7.4 
1mM  diNa EDTA  pH 8.0  
Bring to volume with distilled water. 
 
Prior to use, add 1minitab/10ml Protease Inhibition minitabs (Ref: 11 836 153)  and 
dissolve completely 
Keep buffer chilled.  
E. Chloroform: Methanol: Water (CMW)  
Mix Chloroform: Methanol: Water at a ratio of 10:10:1 respectively.  
F. Tris SDS β-mercaptoethanol (TSB) 
 
125mM Tris Chloride pH 6.8 
1%  SDS 
5%  Beta-mercaptoethanol (BME) 
G. Laemmli Sample Buffer 
BME fully denatures proteins and is not present in Laemmli Sample Buffer. BME was 
added to Laemmli Sample Buffer which was stored at 4oC. 
 
50µL  BME  
950 µL Laemmli Sample Buffer 
H. Running Buffer 
25mM  Tris.Base 3g/L 
192mM Glycine 14.4g/L 
0.1%  SDS  1g/L 
I. Staining Solution 
0.1%   Sigma-Aldrichs EZBlue Coomassie Brilliant Blue® G1041 
50% Methanol 
7% Acetic Acid 
J.  Destaining Solution 
50% Methanol 
7% Acetic Acid 
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K. Transfer Buffer 
Keep chilled at 4oC. 
 
25mM  Tris.Base 3g/L 
192mM Glycine 14.4g/L 
20%  Methanol 200mL/L 
0.025% SDS  0.25g/L 
L. Blocking Buffer 
 
0.025M Tris.Cl  pH7.5 
0.15M  NaCl 
1%  BSA Fraction V 
0.1mM PMSF  (5mM in Ethanol from stock) 
2mM  EDTA  (0.5M stock diNa.EDTA, adjust to pH 8.0 to dissolve) 
 
Sterile filter through 0.45 µm filter and keep chilled at 4oC. 
 
